The purification of three phosphatase enzymes of Salmonella typhimurium has been reported in the accompanying paper (14) . The properties of these isolated enzymes were studied to define the possible physiological roles of each of these enzymes and to devise unambiguous assays for the presence of these enzymes in whole cells. One of these enzymes, a cyclic 2',3'-nucleotide phosphodiesterase has been purified and characterized from Escherichia coli (3, 4) , as well as from other organisms (9, 21) . The cyclic phosphodiesterase purified from these sources also possesses phosphohydrolase activity towards 3'-nucleotides (3, 4, 9, 21) and requires metal ions for activity.
Acid hexose phosphatase has been purified from E. coli by Dvorak et al. (10) , but we are unaware of reports of a similar nonspecific acid hexose phosphatase enzyme from other sources. The E. coli enzyme hydrolyzes many hexose phosphates and also has some activity towards pentose and heptose phosphates.
Nonspecific acid phosphatase has been purified or partially purified from eucaryotic and procaryotic sources (reviewed in references 17 and 19) . Nonspecific acid phosphatases hydrolyze a variety of phosphate esters, are inhibited by fluoride, and have an acidic optimum pH for activity. Dvorak et al. obtained a partially purified preparation of nonspecific acid phosphatase from the shock fluid of E. coli, which had the general properties mentioned above (10) . I Present address: Merck and Co., Rahway, NJ 07065. 2 Present address: Monsanto Co., 800 Lindbergh, St. Louis, MO 63166. We have obtained a pure preparation of nonspecific acid phosphatase from Salmonella which is electrophoretically homogeneous and possesses these general properties.
All three Salmonella phosphatases can be measured in intact cells and are presumably periplasmic (14) . In the present communication the properties of these enzymes in situ have been investigated and were found to be similar to those of the purified enzymes. Characterization of these enzymes in situ has permitted the development of unambiguous assays for each of the three phosphatases in intact cells.
MATERIALS AND METHODS
Bacterial strains and growth. S. typhimurium LT2 is the wild-type Salmonella strain used in these studies. TA2361 is a mutant derived from LT2 which lacks nonspecific acid phosphatase activity (L. D. Kier, R. Weppelman, N. Schonbeck, and B. N. Ames, manuscript in preparation). Growth media are described in the preceding paper (14) . Calbiochem (San Diego, Calif.) was the source of uridine 5'-monophosphate, and ribose 5-phosphate was purchased from Schwarz/Mann, Orangeburg, N.Y. All other phosphate esters and diesters used as sub-weights are detailed in reference 2. Bovine serum albumin (molecular weight, 68,000) and ovalbumin (molecular weight, 43,000), used as molecular weight standards in Sephadex G-150 chromatography, were obtained from Sigma. Trypsin (molecular weight, 23,300) was purchased from Worthington. Molecular weights of these proteins are taken from Weber and Osborn (25) .
Enzyme purification. Procedures used in the purification of the phosphatases and cyclic phosphodiesterase are described in the accompanying paper (14) .
Enzyme assays. Standard procedures for assay of each of the enzymes are presented in the accompanying paper (14) . Inorganic phosphate released from the labile substrates a-D-glucose-i-phosphate, phosphoenolpyruvate, nucleoside diphosphates, nucleoside triphosphates, and from pyrophosphate was measured as described (23) . When the effects of pH on the activity of cyclic phosphodiesterase were examined, the assay was modified by omitting alkaline phosphatase from the reaction mixture. Cyclic phosphodiesterase reaction was terminated by boiling the reaction mixture for 3 min. The samples were allowed to cool, and alkaline phosphatase solution (3 U in 0.5 ml of 0.5 M Tris-hydrochloride, pH 8.0, buffer) was added to digest the released 3'-nucleotides present. Inorganic phosphate was then determined (1) . Controls were performed to assess the amount of alkaline phosphatase-digestible material present in the substrate as well as the extent to which adenosine 3'-monophosphate (3'-AMP) was hydrolyzed by the added alkaline phosphatase. Measurement of the release of p-nitrophenol from the substrates p-nitrophenyl phosphate (PNPP) and bis-PNPP was conducted as described in the preceding paper.
Sephadex chromatography. Purified enzyme preparations were co-chromatographed with ovalbumin and bovine serum albumin on a Sephadex G-150 column (2.2 by 44 cm; 167 cm3) equilibrated in 10 mM Tris-hydrochloride buffer, pH 7.4, containing 1 mM MgCl2, 1 mM MnCl2, 0.1 mM CoCl2, and 0.4 M KCI. The KCI was present to prevent binding of nonspecific acid phosphatase to Sephadex. Trypsin was chromatographed separately. Compaction of the column, estimated from the elution volume of inorganic phosphate, was negligible between the two chromatographic operations. The first column sample contained 3 ml of buffer A containing 20% (wt/ vol) glycerol, 0.4 M KCI, and the following: 4 mg of ovalbumin, 2 mg of bovine serum albumin, 600 U of each enzyme, 1 mg of blue dextran 200 (Pharmacia), and 10 jamol of sodium phosphate. The second sample application contained the same components without the proteins or phosphatases and included 2 mg of trypsin. The elution volume of the standard proteins was determined by measuring optical absorbance at 280 nm. The elution volume of the enzymes was determined by standard assays for each enzyme. The blue dextran elution volume (V0) was determined by measuring absorbance at 650 nm. Inorganic phosphate was detected by the method used in the enzyme assays.
SDS-polyacrylamide gel electrophoresis. Electrophoresis on SDS-polyacrylamide slab gels was conducted as described by G. Ferro-Luzzi Ames (2) . Protein determination. Assays to determine protein levels were conducted by the procedures of Lowry et al. (16) .
RESULTS
Molecular weight and subunit composition of the enzymes. Samples of the purified enzyme preparations and protein molecular weight standards were chromatographed on Sephadex G-150 to determine the molecular weight of the enzymes, as described in Materials and Methods. The column void volume (V0) was estimated as the elution volume of the blue dextran. The total volume of the column (Vt) was 167 ml. A plot of the partition coefficient, Ka, = Ve -V0/Vt -V0, versus the logs of the molecular weight of the protein standards ( Fig.  la) was used to estimate the molecular weights of the enzymes (20) . Molecular weights of the major protein bands observed on an SDS-polyacrylamide gel electropherogram of the purified enzyme preparations were estimated from a plot of the logs of the molecular weight versus the mobilities of the protein bands (Fig. lb) . These determinations indicate that the acid hexose phosphatase and nonspecific acid phosphatase are dimers of 37,000-and 26,000-molecular-weight polypeptide chains, respectively.
The cyclic phosphodiesterase has a molecular weight of 67,000 determined by Sephadex chromatography. Two protein bands were observed when purified cyclic phosphodiesterase was subjected to SDS-gel electrophoresis: one with a molecular weight of 32,000 and a second with a molecular weight of 68,000. Because neither of the protein bands could be unambiguously identified as belonging to the cyclic phosphodiesterase (see reference 14), a subunit composition was not obtained. The enzyme could either be a dimer of 32,000-molecular-weight subunits or a single polypeptide chain of molecular weight 68,000. It is not likely that the enzyme contains both the polypeptide chains present on the SDS-polyacrylamide gels. Their combined molecular weight is greater than the molecular weight of the enzyme found by Sephadex chromatography.
Substrate specificity of purified enzymes. Purified enzyme preparations were assayed for activity against a variety of phosphate esters, phosphodiesters, and pyrophosphate. Table 1 presents the activities of the enzymes towards these substrates. The relative activities of the phosphatases towards different substrates at intermediate stages of purification showed no significant differences. The substrate specificities found for the Salmonella cyclic phosphodi- Mobilities of the protein species during SDS-polyacrylamide gel electrophoresis were calculated relative to the mobility ofthe bromophenol blue tracking dye. Results are given for the major protein band observed for acid hexose phosphatase, the single band observed for nonspecific acid phosphatase, and both bands observed for cyclic phosphodiesterase.
esterase and acid hexose phosphatase are similar to those reported for the cyclic phosphodiesterase purified from E. coli by Anraku (3, 4) and those reported for purified E. coli acid hexose phosphatase (10) . Two significant differences are observed when the Salmonella nonspecific acid phosphatase is compared with the analogous E. coli enzyme (10) . The rate of hydrolysis of PNPP relative to the other substrates is much lower than that reported by Dvorak et al. (10) . We also found that pyrophosphatase activity is present in the purified nonspecific acid phosphatase from Salmonella. This activity was not observed in the partially purified E. coli preparation. The pyrophosphatase activity we have observed copurifies with the other activities for the nonspecific acid phosphatase. Further support for the association of pyrophosphatase activity with the nonspecific acid phosphatase is the parallel thermal inactivation of activity towards pyrophosphate and other phosphate ester substrates shown in Fig. 2 .
pH profiles of enzyme activity. Dependence of phosphatase or phosphodiesterase activities on pH is presented in Fig. 3 . The nonspecific acid phosphatase has a pH optimum between 5.0 and 5.5. The acid hexose phosphatase exhibits a broad pH optimum centered at about 6.0, and the cyclic phosphodiesterase has an optimum pH of about 7.5 when either 3'-AMP or cyclic 2',3'-AMP serves as a substrate. The pH profile for hydrolysis of the cyclic nucleotide contains a broad shoulder at pH 6 to 7. Thermal inactivation of nonspecific acid phosphatase activity towards different substrates. Samples of purified nonspecific acid phosphatase (2.5 U of activity) in 0.5 ml of 0.1 M sodium acetate, pH 5.5, were kept on ice at 0°C or incubated at 60°C for various times and returned to 00C. After samples were at 0°C for 25 min, they were assayed with the following substrates at 5 mM concentrations: 0, glucose 6-phosphate; *, 5'-AMP; A, PNPP; *, pyrophosphate.
Effects of small molecules on enzyme activity. Samples of the purified preparations of the phosphatases were dialyzed for 16 h against 1,000 volumes of 10 mM Tris-hydrochloride, pH 7.4, or the same buffer containing 5 mM sodium ethylenediaminetetraacetate (EDTA). EDTA was removed from the EDTA-treated samples by further dialysis for 12 h against 1,000 volumes of 10 mM Tris-hydrochloride, pH 7.4 (two changes of buffer). The nonspecific acid phosphatase and acid hexose phosphatase exhibited no appreciable loss of activity when subjected to either dialysis operation. When several metal ions were added to the dialyzed enzyme preparation, in addition to the standard assay components, no significant stimulatory effects were observed for the following tested metal ions, at a concentration of 1, 5, or 10 mM in the assay mix: Mg2+, Mn2+, C02+, Ca2+, Ba2+ Ni2+ Hg2+ or Zn2+. Certain compounds were found to inhibit the activities of acid hexose phosphatase or nonspecific acid hexose phosphatase. C02+ and Hg2+ inhibited the acid hexose phospha- (15) and Km values are presented in Fig. 4 .
Properties of the phosphatase enzymes in whole cells. Because each of the enzymes studied has measurable activity in intact cells, properties of the purified enzymes could be compared with enzyme properties measured in intact cells. A mutant lacking nonspecific acid phosphatase, TA2361, was used for studies of acid hexose phosphatase and cyclic phosphodiesterase to eliminate effects of nonspecific acid phosphatase on hydrolysis of glucose 6-phosphate or 3'-AMP. Studies were conducted on cells grown to midexponential phase on minimal glucose medium. Substrates used in the standard assays were used to measure nonspecific acid phosphatase and acid hexose phosphatase. Cyclic phosphodiesterase activity was characterized with 3'-AMP and bis-PNPP as substrates. Profiles of enzyme activity as a function of pH gave the same pH optima, but pH profiles of activity measured in whole cells were broader than those observed for the puri- J. BACTERIOL. purified enzyme preparations, it was necessary 0.92 1.10 to establish this parameter for whole cells.
0.97 1.52 Since a mutant strain lacking hexose phosphatase was not available, it was necessary to 1.05 1.18 do this indirectly by comparing strain TA2361, Based on the enrichment and co-purification of 65Zn with this enzyme in E. coli, the native enzyme was thought to be a zinc metalloenzyme (11) . Other properties of the Salmonella cyclic phosphodiesterase match those of the E. coli enzyme. The molecular weight reported here (67,000) is close to the value of 68,000 determined for the E. coli enzyme (5). The substrate specificity of the cyclic phosphodiesterase suggests that it may be part of a cellular system for utilizing exogenous ribonucleic acid. Mutants lacking ribonuclease I (EC 2.7.7.h) have been described in Salmonella by Wehr (26) . These mutants cannot utilize exogenously supplied ribonucleic acid as a pyrimidine source, suggesting that ribonuclease I in Salmonella is in a periplasmic location. The catalytic activity of ribonuclease I alone cannot readily yield transportable substrates from ribonucleic acid. Purified ribonuclease I from Salmonella hydrolyzes ribonucleic acid to cyclic 2',3'-nucleotides readily but converts the cyclic nucleotides to 3'-nucleotides at extremely slow rates (8) . Cyclic phosphodiesterase complements the action of ribonuclease I by hydrolyzing the released cyclic 2',3'-nucleotides to 3'-nucleotides. Both cyclic phosphodiesterase and nonspecific acid phosphatase can convert the 3'-nucleotides to transportable nucleosides and inorganic phosphate.
The acid hexose phosphatase we have isolated hydrolyzes sugar phosphates and has no demonstrable metal ion requirement, properties similar to those reported by Dvorak et al. for the E. coli enzyme (10) . The hydrolysis of sugar phosphates by the Salmonella enzyme is inhibited by Hg2+, Zn2+, Co2+, and F-. Enzymatic hydrolysis of PNPP is also inhibited by phosphate or arsenate. We report here that the enzyme is apparently a dimer of 37,000-molecular weight subunits. The role of this enzyme is somewhat puzzling in view of the fact that E. coli and presumably Salmonella possess transport systems for hexose phosphates (18) . It is possible that acid hexose phosphatase hydrolyzes a wider range of sugar phosphates than are transported by the hexose phosphate uptake system. Activity towards a wide variety of phosphate esters purifies as a single protein and enzymatic species, the nonspecific acid phosphatase. In contrast to the reports of Dvorak et al. on their partially purified preparation of nonspecific acid phosphatase from E. coli (10) , the Salmonella enzyme possesses activity towards phosphoric anhydride as well as phosphate ester bonds. The wide substrate specificity and Km values for the nonspecific acid phosphatase resemble those reported for E. coli alkaline phosphatase (reviewed in reference 19). Significant differences between Salmonella nonspecific acid phosphatase and E. coli alkaline phosphatase are the pH optima, the inhibition ofthe nonspecific acid phosphatase by fluoride ion, and lack of inhibition by phosphate (when hydrolysis of PNPP is measured). Inhibition by Fof acid phosphatases seems to be a general property of acid phosphatases isolated from both eucaryotic and procaryotic sources (13) . In addition, no metal ion requirements are detectable for the nonspecific acid phosphatase, whereas alkaline phosphatase is thought to be a zinc metalloenzyme (19) .
A possible role of nonspecific acid phosphatase in Salmonella would appear to be, as for the other phosphatases, a scavenging role. The fact that Salmonella possesses no alkaline phosphatase indicates that potential utilization of many phosphate-containing compounds may require the presence of nonspecific acid phosphatase.
Nonspecific acid phosphatase, like the acid hexose phosphatase, appears to be a dimer of subunits of the same molecular weight. The fact that at least two, and possibly three, of the Salmonella phosphatases are oligomers may have some relationship to protection ofthe cytoplasm from phosphatase activity. Schlesinger and Torriani, among others, have performed experiments that indicate that active alkaline phosphatase is not present inside E. coli but that inactive subunits are synthesized in the cytoplasm and excreted into the periplasm, where they become active upon dimerization in the presence of zinc ion (22) . In a similar manner, subunits of the Salmonella phosphatases might be excreted into the periplasm, where they could become activated by dimerization processes.
The results ofthe purification and characterization of the Salmonella phosphatases have led to specific methods for determining the presence of these enzymes in intact cells. Many properties of the purified enzymes are similar to those in intact cells. Those that are not (as in the pH profiles of activity) are presumably due to the effects of the local periplasmic environment of the enzymes and the presence of other proteins. As a result of these studies, especially those on substrate specificity, it can be concluded that PNPP is not an acceptable substrate for measuring "acid phosphatase" unless the enzymes have been resolved. Similarly, acid hexose phosphatase cannot be determined unambiguously by measuring the hydrolysis of glucose 6-phosphate; a correction must be made for the hydrolysis of this substrate by nonspecific acid phosphatase.
